We present a photochemical model describing the changes in the isotopic composition of stratospheric water vapor that result from methane oxidation and reactions with O(
Introduction
Measurements of isotopic composition have been used to test photochemical models and quantify sources of several atmospheric trace gases [Thiemens, 1999 , Kaye, 1987 . Isotope effects are especially large for water vapor in the atmosphere of the Earth, because much of the troposphere is near saturation, the saturation vapor pressure changes by 7 9 8 orders of magnitude between the surface and the tropopause, and isotopically heavy water is preferentially removed during condensation. Simple models predict that if the tropospheric water vapor mixing ratio is reduced to stratospheric values, then the relative abundance of HDO should be depleted by 7 A @ C B % relative to ocean water, although the observed depletion is closer to 67% [Moyer et al., 1996] . The sensitivity of water vapor isotope ratios to processes occurring in the troposphere make such measurements useful for testing models of dehydration in the upper troposphere and stratosphere [Johnson et al., this issue] .
In the following sections we describe a photochemical model of the evolution of water vapor isotope ratios in the stratosphere. We then present observations of HD O, and HDO made with the Smithsonian Astrophysical Observatory far-infrared spectrometer (FIRS-2). The observations are compared with model calculations to test both the model and the internal consistency of the measurements. Finally, we use the model and measurements together to estimate the initial volume mixing ratio and isotopic composition of water vapor in air entering the stratosphere.
Isotopic Standards
Measurements of an isotopic ratio We use the isotopic composition of standard mean ocean water as the standard and adopt the values " xB C B C u 4 s B " ( , are the initial HD Q and water vapor mixing ratios, respectively.
In the remainder of this section we integrate (8)-(10) and solve for the isotope ratios as functions of time. Finally, we show that the resulting expressions can be evaluated using a combination of measured quantities and model calculations.
We integrate (8) after making the substitution
and derive the solution
is the initial methane mixing ratio, and
The integrals are along the air parcel trajectory. Note that d is simply the amount of water that has been produced through the oxidation of methane, and can be calculated from a measurement of the local methane mixing ratio and an estimate of f . Similarly, we integrate (9) and derive the solution (from (8)) for the first term in (10) and
(from (7)) for the second term, and find that
We integrate (7) to derive the solution
By combining (11)- (12) and (17)- (18), we derive the result 
where
We derive the following solutions from (11), (16), and (20) using (21)- (23):
is the starting isotope ratio for methane; and
. The factor of 2 appears in the last two terms of (26), because the standard ratio for
is twice the standard ratio for
, as described in section 2..
Equations (26) and (27) 
(at 298 K). The rate constant for~ E has not been reported, and we will assume that~ E S E . Since the ratios~
are constant, it follows from (13) and (19) that¯E
. We further assume that~
at all stratospheric temperatures and that~
(it actually varies from 0.60 to 0.69 at temperatures between 200 and 240 K, which is a typical temperature range for the midlatitude stratosphere), so that¯D
. After making these substitutions in (24)- (25) we find that
The ratios E , D
, and correspond to the fraction of total oxidized methane that has reacted with O(E { k ), OH, and Cl, respectively. We estimate these ratios (as functions of , respectively [Dlugokencky et al., 1994 . We further assume that oxygen is exchanged primarily with OD and not O [Kaye, 1990] , so that O, respectively [Johnston and Thiemens, 1997, Kroopnick and Craig, 1972] .
We can use (26)- (27) 
Measurements
The FIRS-2 is a remote-sensing Fourier transform spectrometer that observes the thermal emission of the atmosphere from balloon and aircraft platforms [Johnson et al., 1995] . The spectral range was limited to 80-700 cm until 1996, when we extended the high-frequency limit to 1250 cm by improving the beamsplitter design [Dobrowolski and Traub, 1996] . During our most recent balloon flight the increased spectral range allowed us to measure vertical profiles for temperature, pressure, and the mixing ratio of 25 different molecules. The data considered here were obtained during six balloon flights that took place between 1989 and 1994 at latitudes near 33¸N, in addition to a single 1997 balloon flight at a latitude of 68¸N.
The unapodized spectrometer resolution of 0.004 cm is sufficient to resolve many individual rotational transitions for [HD O, respectively. Only 15 of the selected HDO transitions occur in regions of FIRS-2 spectra that had useful sensitivity before 1997.
Our initial analysis was based on line parameters from HITRAN92 [Rothman et al., 1992] with the following modifications: line positions for HD O and HD Q are taken from Toth [1991, 1992] , and HDO strengths and positions are taken from the Jet Propulsion Laboratory (JPL) submillimeter line catalog [Poynter and Pickett, 1984] for lines below 334 cm . The large difference between the observed HD O and HD Q line positions and the calculated positions in HITRAN92 suggests that there may also be large errors in the calculated HITRAN92 strengths. In the past 2 years we have received improved calculations for HD E ¥ G O [Coudert, 1999] and HD O using the SPFIT and SPCAT routines from JPL [Pickett, 1991] . The new calculations provide greatly improved line positions and confirm that the strengths listed in HITRAN92 for the transitions meeting our selection criteria have errors as large as 25%. All FIRS-2 measurements presented here are based on the improved calculations. We estimate that average systematic errors due to uncertainty in the calculated strengths are % for all isotopic variants, although errors in individual lines may still be as large as 25%. Previous analyses of FIRS-2 data are based on retrievals using the HI-TRAN92 strengths [Keith, 2000 , Dessler, 1998 ], and so the measurements discussed in earlier publications differ from those presented here, although we note that the difference is less than the estimated systematic errors.
We Figure 1 . Average profiles for each flight are shown together with the estimated precision (1 standard deviation) for selected profiles and a weighted average over all flights. Data are weighted by the reciprocal of the variance when calculating the average. Also shown are average profiles measured by Atmospheric Trace Molecule Spectroscopy (ATMOS) [Rinsland et al., 1991] . The FIRS-2 results are consistent with ATMOS measurements, except that FIRS-2 measurements show rapidly increasing depletions in HD I E ¥ P O below 25 km that are not reflected in the ATMOS data. We believe that these large depletions are indicative of increasing systematic errors at low altitude, as discussed in the next section. More recent AT-MOS measurements and analyses of
O) are available , Moyer et al., 1996 and will also be discussed in the next section. In general, air in the lower stratosphere is dry and depleted in the heavy isotopes. Water vapor increases in abundance and becomes less depleted in heavy isotopes as the altitude increases.
Comparison With Model
In this section we first use a model to test for selfconsistency in our measurements of 
Measured
Water vapor in the troposphere is depleted in heavy isotopes because of the vapor pressure isotope effect (VPIE); Jancso and Van Hook [1974] and Kaye [1987] provide comprehensive reviews of the subject. Kinetic effects contribute if the air is supersaturated [Jouzel and Merlivat, 1984] and are considered in a companion paper [Johnson et al., this issue] . For saturated vapor in isotopic equilibrium with a condensed phase (liquid or solid), the isotope ratio in the vapor is proportional to the isotope ratio in the condensate. We define the isotopic fractionation factor [Rinsland et al., 1991] ; the width shows the estimated 1¾ precision. [Kroopnick and Craig, 1972, Johnston and Thiemens, 1997] , and the open circle represents the FIRS-2 measurement of the isotopic composition of stratospheric O [Johnson et al., 2000] . We also show the depletion predicted from the vapor pressure isotope effect as a solid line with a slope of 0.564. [1968] suggest that the ratio has the average value 0.529 and varies by 0.1% between 200 and 360 K. Measurements at temperatures between 313 and 363 K indicate that the ratio is independent of temperature but has the average value 0.564 rather than 0.529 [Jancso and Van Hook, 1974] . We adopt the value 0.564.
If air is dehydrated by continually condensing water vapor and removing the condensate to prevent further isotope exchange, it follows from conservation principles and the definition of [Smith, 1992] . We use this and the definition of h to derive the relation
, and we estimate that
. The data above 21 km are in excellent agreement with this prediction, as shown in Figure 2 O that tend to distribute the measurements along a line with a slope of 1 rather than 0.564. We believe that the difference below 21 km also indicates that systematic errors increase at low altitude, possibly because saturation in the far-infrared increases the statistical weight of the midinfrared lines, and these lines may have different line parameter errors. Further improvements to the spectral line database are needed.
We also show in Figure 2 the isotopic composition of OD and FIRS-2 measurements of the composition of O [Johnson et al., 2000] ; we note that other groups have observed enrichments in heavy ozone larger than those seen by FIRS-2 [Mauersberger, 1981 , Schueler et al., 1990 . The isotopic composition of HD O appears to approach the composition of OD , but because the isotopic compositions of both OD and O lie on or near the relationship determined by the VPIE, we cannot establish the isotopic composition of the oxygen reservoir without sampling air that is old enough to be in isotopic equilibrium with the reservoir. We estimate that O, respectively. We believe that the excellent agreement between predicted and measured
O as a function of
O indicates that the average systematic errors do not exceed 30‰ above 21 km.
h D, h u E H Q
O, and [HD O]
In Figure 3 we compare measured [Toon, 1991 , Toon et al., 1992 , Johnson et al., 1999 .
Estimated
We show the results in Figure 4 . The estimates of h u E ¥ P
Of and
Of become increasingly uncertain as the air ages, because the initial isotope ratio relaxes exponentially toward the isotope ratio of the oxygen reservoir (see (27) ) and any knowledge of the initial isotope ratio is lost. The estimates of d f are quite variable in young air owing to the annual cycle propagating out of the tropics, and as described earlier, we believe that the measurements of There have been many estimates of the initial water vapor mixing ratio in stratospheric air, and they are not consistent. Estimates fall between 2.7 and 4.1 ppmv, and the average over all estimates is 3.7 ppmv with a standard deviation of 0.25 [Kley et al., 2000] . There are a number of reasons why the estimates may disagree, including instrumental errors, differences in sampling, and actual changes over time. A discussion of these differences is beyond the scope of this paper; Kley et al. [2000] provide a comprehensive review.
Our [Moyer et al., 1996] . Kaye [1990] Of in air reaching the midlatitude middle stratosphere.
Conclusion
We find good general agreement between FIRS-2 measurements of the isotopic composition of stratospheric water vapor and calculations with our photochemical model. The observed correlation between O is larger than expected from the estimated precision. After using the model to remove the effects of photochemical aging from the measurements, we find that the average initial water vapor abundance and isotopic composition of air which crosses the tropopause and reaches the midlatitude middle stratosphere is given by 
